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Abstract
Dynamics of disparity vergence eye movements can be modified by adaptive stimuli that generate large transient disparities.
These modifications were observed for convergence as well as divergence eye movements. After modification, the peak velocities
of the step responses for convergence and divergence were substantially higher than in normal baseline responses, a change
observed in all four subjects studied. The change in peak velocity of a step response occurred very rapidly after presentation of
the adaptive stimuli. Main sequence plots showed that first-order dynamic characteristics increased for post-adaptive responses
with respect to normal step responses. Hence, response modification could be quantified as a change in gain accompanied with
an increase in the effective response time constant. The adaptive responses to convergent and divergent ‘disappearing’ step stimuli
revealed that the adaptation process modifies the high-velocity component of both disparity convergence and divergence eye
movements. Moreover, a gain change in this component alone could account for both the gain and the time constant
modifications seen in the overall response. A process of recovery or de-adaptation was also observed for both convergence and
divergence eye movements. This observed short-term modification demonstrates a unique control mechanism for vergence eye
movements that is effective in either direction. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Vergence or disjunctive eye movements consist of
oppositely directed horizontal eye movements. Tradi-
tionally, the vergence response is taken as the difference
between the horizontal positions of the two eyes. A
change in binocular stimulation induces the movement;
specifically, a shift in target position that produces
disparity between the retinal images of the two eyes.
The resulting convergent (inward) or divergent (out-
ward) movements occur after a latent period of :160–
180 ms (Rashbass & Westheimer, 1961), and follow a
smooth, exponential-like trajectory which lasts several
hundred milliseconds. This paper addresses both con-
vergence and divergence portions of this motor re-
sponse and reveals a rapid adaptive behavior in the
high-velocity component of both disparity convergence
and divergence eye movements.
Adaptation may be one of the most important char-
acteristics for the survival of a species and can be found
in nearly every major physiological system. Motor sys-
tems, for example, must rely on adaptive processes to
ensure continuing precision in the face of changes in
muscle efficiencies and mechanical properties (Miles,
1983). In many of these systems, open-loop operation,
modified by adaptive processes, represents the
paradigm control strategy. In this scenario, feedback
information, rather than modifying an ongoing re-
sponse, drives adaptive processes that provide compen-
sation over the long-term.
Adaptive behavior has been observed in several ocu-
lomotor systems. Representative examples of adaptive
behavior include the findings of: Gonshor and Melvill
(1973) and Snow, Hore and Vilis (1985) in the
vestibulo-ocular reflex (VOR); Kommerell, Olivier and
Theopold (1976), Lemij and Collewijn (1991), Fuchs,
Reiner and Pong (1996), Straube, Fuchs, Usher and
Robinson (1997) in long-term saccadic gain; Schor* Corresponding author. E-mail: pmunoz@biomed.rutgers.edu.
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(1986) in tonic accommodation; Henson and North
(1980), Cooper (1992), McCormack and Fisher (1996)
and McCandless, Schor and Maxwell (1996) in tonic
vergence or prism adaptation, and Optican, Zee and
Chu (1985), Fukushima, Tanaka and Yoshida (1996)
and Ogawa and Fujita (1997) in smooth pursuit. While
most of these adaptive processes take place over ex-
tended periods, short-term adaptive processes have also
been identified and studied (e.g. McLaughlin, 1967;
Deubel, 1987; Albano & King, 1989; Semmlow, Gau-
thier & Vercher, 1989; Deubel, 1995; Albano, 1996).
These adaptive processes were activated by specially
developed stimuli that forced post-saccadic error. The
adaptation developed progressively, increasing or de-
creasing the saccadic response amplitude depending on
the nature of the training stimulus.
The traditional description of the disparity vergence
response is based on a control system entirely driven by
visual feedback (Rashbass & Westheimer, 1961; Toates,
1974; Krishnan & Stark, 1977). In a feedback control
system, adaptive control processes would not be as
important as in open-loop systems, such as the saccadic
system. However, a recent theory for the control of
vergence eye movements holds that a portion of the
response is mediated by a non-visually guided compo-
nent. The dual-mode theory of vergence eye movement
(Semmlow, Hung & Ciuffreda, 1986) describes the dy-
namic properties of these movements using a two-com-
ponent control system. The ‘initial component’ is not
controlled by visual feedback and is activated by
rapidly moving targets. The ‘slow component’ is medi-
ated by a visual feedback control system and tracks
slowly moving targets, and corrects for post initial
component vergence errors (Semmlow, Hung, Horng &
Ciuffreda, 1994). If the initial component is not visually
guided, an adaptive modification of the underlying
control processes, driven by some form of error infor-
mation, might be expected. The similarity between the
general neural organization controlling vergence and
saccadic eye movements (Mays, 1984; Zee, Fitzgibbon
& Optican, 1992), also argues for possible adaptive
processes in the vergence system.
Although divergence eye movements have not been
studied as extensively as convergence eye movements,
there is evidence that they posses different dynamics
(Hung, Zhu & Ciuffreda, 1997; Horng, Semmlow,
Hung & Ciuffreda, 1998), but the same basic control
mechanism: a combination of initial and slow compo-
nents control. Therefore, modification might also be
expected in divergence eye movements. The experimen-
tal evidence presented here demonstrates the existence
of short-term modification in disparity vergence eye
movements for both convergent and divergent re-
sponses. Some evidence for its site of action based on
initial component modifications is also presented.
2. Methods
2.1. Stimulus
Experiments were designed to record horizontal sym-
metric vergence eye movements of both eyes in response
to two different visual stimulus patterns: a training
stimulus and a test stimulus. The training stimulus
consisted of a step-ramp pattern: an initial 4° step
presented in conjunction with 16°:s constant velocity
stimulus, i.e. a ramp. This stimulus was designed to
induce large dynamic errors. The effectiveness of the
step-ramp stimulus in generating adaptive changes was
determined empirically and it is likely that other stimu-
lus patterns also produce an adaptive modification. The
test stimulus was used to monitor the modifications
induced by the training stimulus and consisted of a
standard 4° step. To provide additional insight into the
adaptive modification, a second set of experiments was
performed using a different test stimulus. In the ‘disap-
pearing step’ protocol, a 4° step change in target dispar-
ity is briefly presented for 100 ms, then the stimulus
target disappeared before the latent period ended and
the eye movement began. Any response forced by this
stimulus cannot involve visual feedback (since there is
no visible target by the time the movement begins) and
such stimuli are thought to evoke primarily the initial
component of disparity vergence (Semmlow, Hung,
Horng & Ciuffreda, 1993). Disappearing steps were
employed as test stimuli to determine if the initial
component of the response was being modified.
In each experiment only two stimulus combinations
were used: either a 4° step (test) with a 4–16°:s step-
ramp (training) or a 4° disappearing step (test) with a
4–16°:s step-ramp (training). The proportional mix of
each of the stimuli varied over the course of the exper-
iment as described below. The eye movements were
studied under convergence and divergence conditions,
where each condition was defined by the direction of
the stimuli: either a convergent test step paired with a
convergent training step-ramp or a divergent test step
paired with a divergent training step-ramp.
The stimulus target consisted of two stereoscopically
paired vertical lines (0.2°. in width and 8°. in height)
presented on a pair of oscilloscopes (phosphor P31 with
a bandwidth of 20 MHz) arranged as a haploscope. To
minimize motion artifact and avoid the influence from
the vestibular system, the subject’s head position was
fixed in a dental impression bite bar. During the exper-
iment, only the target was visible to the subjects. Two
real-world targets provided well established reference
points that were used to calibrate the stimulus device
prior to each experimental run. Proximal influences
related to changes in target disparity were minimal in
the device, due to a lack of depth information related to
the target (Rosenfield & Ciuffreda, 1991).
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2.2. Adapti6e protocol and subjects
A protocol was designed to provide repeated expo-
sure to the training (or adapting) stimulus while mini-
mizing prediction, particularly for the test stimuli. A
typical experimental run was composed of four sections
or modes: a pre-adapt mode, an adapt mode, a sustain
mode and a recovery mode. The pre-adapt mode con-
sisted of at least ten sequential identical test stimuli.
Though the amplitudes of the sequential stimuli were
predictable, onset time was randomized (between 0.5
and 2 s). The purpose of the pre-adapt mode was to
establish the baseline behavior of the vergence response.
The adapt mode consisted of training and test stimuli
randomly intermixed with an overall ratio of five train-
ing to one test stimulus. Again, onset time was random-
ized. The adapt mode continued until at least 50
training (and ten test) stimuli had been presented. The
sustain mode consisted of randomly intermixed training
and test stimuli at a 3:1 ratio, and continued for at least
21 training (and seven test) stimuli. This mode provided
a greater number of test stimuli for later analysis.
Finally, the recovery mode consisted of test stimuli
only, and was used to study the recovery from adapta-
tion to baseline levels.
Each stimulus, whether training or test, had a 2 s
duration. Several runs were presented on different days
and inexperienced subjects received some initial training
several days prior to the adaptive experiments. This
training was used to familiarize the inexperienced sub-
jects with the stimulus and recording devices, presenting
the same stimulus patterns used in the adaptive experi-
ments: steps of different amplitudes (2 and 4°) as well
as step-ramps of different ramp velocities (4, 6, 8°:s).
Four subjects agreed to participate in this study, after
signing an informed consent form. Each subject had
good binocular vision as evaluated by their ability to
perform saccade-free vergence movements under our
stimulus conditions. (Note, subjects with significant oc-
ular dominance often make saccadic movements during
the vergence response; hence the ability to make sac-
cade-free vergence responses is a good indication of
balanced binocularity.) One of the subjects, JS, was
experienced and was aware of the goals of this study,
while the others were inexperienced and naive to the
study’s objectives.
2.3. Data recording
The vergence eye movement responses of both eyes
were monitored simultaneously using a limbus tracking
system (Skalar Model Iris 6500). The eye movement
monitor has a linearity of 925° with a resolution of
1.5% of arc, and all movements were within the linear
range. Left and right eye movements in response to test
stimuli were recorded and calibrated separately and
digitized using a standard 12 bit analog-to-digital con-
verter. Calibration of test responses was carried out by
recording eye movement monitor output at two known
eye positions, immediately before and after each trial.
Calibrations were stored and used to construct a sepa-
rate calibration curve for each eye. Data acquisition
was done at a sampling rate of 200 Hz, which is well
above the Nyquist frequency for vergence eye
movements.
2.4. Data analysis
The data analysis begun with the subtraction of left
and right eye movements to yield the net vergence
response. Responses containing artifacts such as blinks
or large saccades were omitted. However, since binocu-
lar behavior was the main concern, responses with
small saccades were not necessarily discarded, as long
as the saccades in two eyes cancelled in the vergence
response plot and occurred after the initial transient
portion of the response. The dynamic characteristics of
the eye movements were examined using the main
sequence analysis, a plot of maximum response velocity
versus amplitude for a number of responses (Bahill,
Clark & Stark, 1975). The slope of these points is a
commonly used descriptor of eye movement dynamics
and provides a quantitative description of the equiva-
lent first-order dynamics of a movement (Alvarez,
Semmlow, Yuan & Munoz, 1998). For this analysis, the
maximum amplitude of the step responses was taken as
the response amplitude since the final value always
attained 4°, the amplitude of the test stimulus. The
velocity of each movement was computed using the
two-point central difference algorithm (Bahill, Kallman
& Lieberman, 1982).
3. Results
Following the presentation of the training stimuli,
the adaptive modification occurred rapidly and mani-
fested as a large increase in maximum velocity as well
as in maximum amplitude of the response to a test
stimulus. Fig. 1 shows examples of the vergence re-
sponses to a test stimulus before and after adaptive
modification. This change occurred after a small num-
ber of training stimuli (:5–10 adaptive trials).
The time evolution of the adaptation process can be
observed in Fig. 2, where the peak velocity of each step
response is plotted as function of the trial number, for
two subjects, for both conditions: convergence and
divergence. This figure reveals a relatively constant
peak velocity during the pre-adapt mode, with average
peak velocity for the two subjects of 31 and 22°:s for a
convergence step stimulus of 4°, and 19 and 17°:s for a
divergence step stimulus also of 4°. During the adapt
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Fig. 1. (a) Individual convergence step responses before (dashed lines), and after (solid lines) adaptation. The test stimulus was a 4° step and
the training stimulus was a 4°16°:s step-ramp. Upper plots show for position while lower plots show velocity. Subjects JS and YC. (b)
Individual divergence step responses before (dashed lines), and after (solid lines) adaptation. The test stimulus was a 4° step and the training
stimulus was a 4°16°:s step-ramp. Upper plots show for position while lower plots show velocity. Subjects JS and YC.
mode, the peak velocity showed a progressive increase
indicative of the short-term modification. After ten
trials the maximal peak velocity was generally ob-
served. As stated previously, the sustain mode was
included to maintain adaptive modification and provide
more test responses for analysis. Subject JS showed the
greatest modification when the training stimulus was a
4–16°:s step-ramp, with an average peak velocity of
75°:s for the convergence condition and 52°:s for the
divergence condition after adaptation, more than dou-
ble the peak velocities obtained during the baseline
responses. Finally, in the recovery mode, a return to the
initial state of the system is seen. The recovery process
was found to be faster than the adaptation process,
with full recovery after only :5 consecutive test
stimuli.
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Fig. 2. (a) Peak velocity of convergence responses to the 4° step test stimulus as a function of stimulus trial number. Line represents a piecewise
linear fit to the data. Subjects JS and YC. (b): Peak velocity of divergence responses to the 4° step test stimulus as a function of stimulus trial
number. Line represents a piecewise linear fit to the data. Subjects JS and YC.
The average values and standard deviations for max-
imum velocity during the four modes of stimulation are
presented in Fig. 3, for all subjects, under convergence
(3a) and divergence (3b). The averages and standard
deviations of each column are based on individual test
responses. All subjects presented a similar pattern of
modification, that repeated itself under both conver-
gence and divergence conditions. An initial peak veloc-
ity from the pre-adapt mode increases during the adapt
mode and reduces or stays constant through the sustain
mode, returning to approximately its initial value in the
recovery mode. The standard deviations are relatively
small in the pre-adapt mode, and increase in the adapt
mode and during the recovery mode. The increases in
standard deviation during the adapt and recovery
modes reflect the dynamic changes produced by pro-
cesses of modification and recovery. An ANOVA anal-
ysis was applied to all convergence responses from all
subjects separated into pre-adapt and adapt groups.
This analysis produced a variance ratio, F, of 64.6 and
a very low probability of the null hypothesis (P4.5
1013, with 132 df). A similar analysis applied to
divergence responses from all subjects produced a vari-
ance ratio, F, of 94.2 and an even lower probability
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(P8.01017, with 121 df). These low probabilities
demonstrate the statistical significance of the adaptive
modification with respect to the pre-adapt condition for
both convergence and divergence eye movements.
To study the dynamics of the vergence system under
adaptive modification, the main sequence (Bahill, Clark
& Stark, 1975) was calculated for all responses and
plotted for two subjects in Fig. 4, under both conver-
gence (4a) and divergence (4b) conditions. Additionally,
the main sequence of standard 8° steps was also plotted
for comparison. Both subjects reveal the change in the
dynamics of modified responses, as evidenced by a
larger peak velocity to response amplitude ratio of the
adaptive responses with respect to that of standard step
responses of the same amplitude.
When the disappearing step was used as a test stimu-
lus, similar modifications in the amplitudes of the re-
sponses were observed. The adaptive change manifests
as an increase in the maximum velocity of the response
after a small number of adaptive trials (: ten trials).
Fig. 5 shows examples of the vergence responses to the
disappearing step test stimulus before and after modifi-
cation, under convergence (5a) and divergence condi-
tions (5b). The main sequence analysis of the
disappearing step response, however, shows no appar-
ent change in the dynamics of the pre- and post-adapta-
tion responses, as evidenced by a consistent peak
velocity to response amplitude ratio for both adapted
(solid triangles) and normal (open symbols) responses.
Fig. 6a corresponds to convergence and Fig. 6b to
divergence. The temporal evolutions of the adaptation
process to a disappearing convergence step and to a
disappearing divergence step were quite similar to that
found for convergence and divergence step responses,
respectively, Fig. 1.
4. Discussion
The results demonstrate the ability of stimuli that
generate large dynamic vergence errors to produce
short-term adaptive modification of vergence response
amplitude, independent of the direction of the eye
movements. The adaptive modification described here
was found in all subjects, both experienced and inexpe-
rienced, indicating that this process is an intrinsic char-
acteristic of the disparity vergence control system.
Moreover, a common control mechanism belonging to
convergence and divergence eye movements is elicited
by this adaptive process. The modifications are quickly
attained and short lasting, once the adaptive stimulus is
removed. In comparison with the short-term adaptation
observed in the saccadic system, this adaptive modifica-
tion occurs more rapidly: only ten trials are required for
maximum modification of the vergence system as op-
posed to 50–100 trials for the saccadic system (Semm-
low, Gauthier et al., 1989).
The rapid changes in behavior suggest that motor
learning and not a true adaptive process may be in-
volved. Several features of the adaptive step responses
provide modest support for some type of adaptive
process. The training stimuli and the test stimuli are
quite different and the modifications do not appear to
depend on a specific training stimulus. The smooth,
though rapid, increase in peak velocity (Fig. 2), and the
after-effects, though short-lived, indicates the gradual
change of some control parameter, such as the one
proposed for the saccadic system (Albano & Marrero,
1995). Nonetheless, some form of motor learning might
also generalize to other stimuli and produce gradual
change with brief after-effects, so the issue remains
open.
Fig. 3. (a) Average peak velocity (with standard deviations) of
convergence responses to a 4° step test stimulus for the four
experimental modes. The training stimulus consisted of 4°16°:s
step-ramp. All subjects. (b) Average peak velocity (with standard
deviations) of divergence responses to a 4° step test stimulus for
the four experimental modes. The training stimulus consisted of
4°16°:s step-ramp. All subjects.
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Fig. 4. Peak velocity to amplitude ratio (i.e. main sequence) for adapted responses to a 4° test stimulus (solid triangles), as well as for normal,
unadapted responses (open symbols) to 4 and 8° step stimuli. The training stimulus was a 4° step in conjunction with a 16°:s ramp. Subjects JS
and EB and YC. (a) Convergence stimuli. (b) Divergence stimuli.
The modification process described here has implica-
tions on other studies of the vergence eye movements.
Oculomotor systems are often studied by analyzing the
responses to several different stimuli, such as steps,
ramps, step-ramps, etc. (Semmlow, Gauthier et al.,
1989, Semmlow et al., 1994). The process of mixing
various stimulus types in an experimental trial is some-
times used to discourage prediction. Within a single
experiment, variability between responses and between
individuals is always present. However, our results
show that in the vergence system, the overall stimulus
environment can alter the response, with appreciable
effects in the very short-term. That is, the peak velocity
and peak amplitude of a response to a given stimulus
could be significantly influenced by the nature of pre-
ceding stimuli. As an example, Fig. 7 shows five re-
sponses to identical 4° step stimuli selected from two
different experimental runs. Both sets of responses were
chosen to illustrate the range of variability within each
ensemble. In Fig. 7A, identical 4° step stimuli were used
throughout the experimental run. In Fig. 7B, the 4°
stimuli were embedded among step-ramp stimuli of
various amplitudes. As can be seen in this figure, a
greater variation is observed with the responses that
were embedded in a variety of different stimulus types.
Hence, some of the variability in the transient portion
of vergence movements may be attributable to short-
term influences from other stimuli.
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Fig. 5. Individual vergence disparity disappearing step responses before (dashed lines), and after (solid lines) adaptation. Upper plots show
position while lower plots show velocity. Test stimuli consisted of a 4° step that disappeared after 100 ms while the training stimuli were the same
in Fig. 4. (a) Convergence stimuli. Subjects JS and EB. (b) Divergence stimuli. Subjects JS and YC.
The adaptive process studied here was anticipated by
the dual-mode theory for the control of vergence eye
movements. In this theory, two components, a non-vi-
sually guided initial component and a feedback con-
trolled slow component contribute to vergence
responses. The disappearing step stimulus is known to
stimulate primarily the initial component (Semmlow et
al., 1993); hence, disappearing step responses suggest
that the adaptation seen in standard step responses is
actually occurring in some initial component processes.
In addition to correcting for initial component errors
that can be expected from non-visually guided control,
the slow component may modify the performance of
the initial component by providing corrective informa-
tion from post-initial component vergence errors. Un-
der this hypothesis, the closed-loop system with its
longer time constants would also provide the informa-
tion used to adjust the fast, initial component response.
P. Munoz et al. : Vision Research 39 (1999) 1695–1705 1703
Fig. 6. Peak velocity to amplitude ratio (i.e. main sequence) for responses to the disappearing step test stimulus for adapted (solid triangles) and
unadapted (open symbols) responses. The training and test stimuli as in Fig. 5. (a) Convergence stimuli. Subjects JS and EB. (b) Divergence
stimuli. Subjects JS and WW.
Hence, initial component error would be minimized
based on the information provided by slow component
responses.
The first-order dynamics of the step responses did
change with adaptation, as demonstrated by a larger
peak velocity to response amplitude ratio for the
adapted responses with respect to the standard step
responses of similar amplitude, Fig. 4. However, the
dynamics of disappearing steps did not change under
adaptation, as indicated by the similarity in the main
sequence ratios of adapted and unadapted disappearing
step responses of similar amplitude, Fig. 6. The differ-
ence in the way adaptation modifies disappearing and
standard steps can be explained by the two component
structure of the normal vergence step response. If the
normal vergence step response is composed of an initial
and slow component, the overall dynamics would de-
pend on the ratio of the two. If only the initial compo-
nent of the step response is augmented by the
adaptation process, then the overall dynamics should
increase as the relative contribution of this component
increases. When disappearing step stimuli are pre-
sented, only the initial component is produced (Semm-
low et al., 1993). Under these conditions, an increase in
the magnitude of the initial component would not alter
the dynamics of the response (as was observed) since it
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Fig. 7. Vergence step responses to identical 4° step stimuli selected from two different experimental series. The five responses were selected to
illustrate the variability within the series. (A) Series consisted only of 4° step stimuli. (B) Series consisted of several different stimulus types
including larger steps and ramp stimuli. Subject JS.
is the only component present. Based on this argument,
we theorize that the adaptive modification reported
here is mediated solely by a change in gain of the initial
component. The change in dynamics observed in the
adapted step responses are the result of an increase in
the ratio of the initial component to slow component
within the combined response. Moreover, this mecha-
nism appears to be applicable to both convergent and
divergent eye movements.
5. Conclusion
This study demonstrates the ability of certain stimuli
to substantially modify the high velocity component of
the disparity vergence step response independent of the
direction of the eye movements. The step-ramp training
stimulus provided a useful tool for generating substan-
tial modification of the high-velocity component ampli-
tude in a relatively short period of time. Recovery from
these changes was even faster than the original rapid
modification. The disappearing step paradigm demon-
strated this modification of the disparity vergence sys-
tem occurs mainly in the non-visually guided
component of the response. A main sequence analysis
revealed an increase in the first-order dynamic proper-
ties of the vergence step response, but not in the
response to disappearing steps. Arguments were pre-
sented that the adaptation is mediated primarily as a
change in the gain of the initial component. The in-
crease in dynamics seen in adapted step responses re-
sulted from changes in the ratio of initial to slow
components in the combined response.
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